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Tasks
Year O

ne
Year Tw

o
Year Three

Q
1

Q
2

Q
3

Q
4

Q
1

Q
2

Q
3

Q
4

Q
1

Q
2

Q
3

Q
4

Task
1:K

ickoffm
eeting,review

sensing
environm

ents
and

needs
(A

ll)
◊

◊
◊

◊

Task
2:D

esigning
and

fabricating
radiation

energy
harvesters

(U
niv.A

PI)
◊

◊
◊

◊
◊

Task
3:D

esigning
&

testing
ultrasonic

data
transm

ission
system

(U
niv.B

co-PI)
◊

◊
◊

◊
◊

Task
4:D

eveloping
high-tem

perature
electronics

(C
om

pany
A

co-PI)
◊

◊
◊

◊
◊

◊

Task
5:R

adiation
study

and
shielding

protection
(C

om
pany

B
co-PI,U

niv.A
PI)

◊
◊

◊
◊

Task
6:System

integration,dem
onstration

and
test(All)

◊
◊

◊

Task
7:R

eporting
and

projectm
anagem

ent(U
niv.A

PI)
◊

◊
◊

◊
◊

◊
◊

◊
◊

◊
◊

◊

Project O
verview

�
B

ackground
2100 canisters for 20-50 years of spent fuel storage in the U

SA. 200 per year increase.

�
G

oal, and O
bjectives

D
evelop

and
dem

onstrate
an

enabling
technology

for
the

data
com

m
unications

for
enclosed

m
etal

canisters
using

radiation
and

therm
al

energy
harvesters,

through-
w

allultrasound
com

m
unication,and

harsh
environm

entelectronics.

�
Participants

�
Lei Zuo (PI, Virginia Tech), D

ong H
a (co-PI, Virginia Tech)

�
Haifeng

Zhang (co-PI, U
. of North Texas)

�
R

oger K
isner, M

. N
ance Ericson (co-PI, O

R
NL)

�
M

ichael H
eibel(collaborator, W

estinghouse Electric C
om

pany)

�
Schedule
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O
ur Solution: Self-pow

ered 
W

ireless Through-w
all D

ata 
C

om
m

unication for Nuclear 
Environm

ents
Problem

s and solutions: 

I.
Energy problem

: Independent and continuous energy 
source

Solution: A radiation/therm
alenergy 

harvester w
ith pow

er m
anagem

ent;

II.
Com

m
unication challenge: Through m

etal w
all and 

thick concrete w
all w

ireless com
m

unication

Solution: U
ltrasound w

ireless 
com

m
unication using high-tem

perature 
piezoelectric transducers

III.
Harsh environm

ent: E
lectronics surviving high 

tem
perature and radiation

Solution: 
a.

H
igh-tem

perature radiation-hardened electronics 
for harvesting, sensing, and data transm

ission; 
b.

R
adiation shielding for electronics and sensors 
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A
ccom

plishm
ents: Energy harvesting

Energy harvesting strategy: 

To
pow

er
1W

sensing
and

data
transm

ission
for

3
seconds

every
5

m
inutes,10m

W
required.

Existing tem
p. 

gradient
G

am
m

a 
heating

Therm
oelectric energy 
harvesting

Therm
oelectric energy harvesting:

σ
E

lectricalconductivity
α,

S
eebeck

coefficient
κe

E
lectron

therm
alconductivity

κl
P

honon
therm

alconductivity

From
 Snyder, 

G
. Jeffrey

Energy sources available:

1.
M

echanical vibration 
2.

Light
3.

W
ind

4.
Electrom

agnetic
5.

Therm
alheat (tem

perature difference)
6.

Radiation
(alpha, beta, neutron, and gam

m
a

rays)

Energy dem
and:
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H
eat and fluid environm

ent in the 
dry cask system

:
The m

odel to estim
ate the decay heat 

w
ithin the dry cask system

:
Year

(Since
rem

oval)
Decay
Heat(kW

)
G

am
m

a
Spectrum
(#/s)

Neutron
Spectrum

(#/s)

5
38.44

2.64
x

10
17

1.02
x

10
10

10
24.52

1.47
x

10
17

8.4
x

10
9

15
21.07

1.20
x

10
17

7.0
x

10
9

20
19.00

1.04
x

10
17

5.9
x

10
9

25
17.31

9.2
x

10
16

4.9
x

10
9

30
15.85

8.2
x

10
16

4.1
x

10
9

35
14.56

7.3
x

10
16

3.4
x

10
9

40
13.42

6.5
x

10
16

2.9
x

10
9

45
12.40

5.8
x

10
16

2.4
x

10
9

50
11.49

5.1
x

10
16

2.0
x

10
9

55
10.67

4.6
x

10
16

1.7
x

10
9

Fuel: W
estinghouse 17x17 assem

bly, w
ith a total cask M

TU
 of 

15 spread over the 32 assem
blies, an enrichm

ent w
eight 

percentage of U
-235 of 4%

, a burnup of 45 G
W

d/M
TU

, 3 runs 
per fuel assem

bly, and an average pow
er of 40 M

W
/M

TU
.

M
P

C
-32 canister

A
ccom

plishm
ents: Energy harvesting

W
e used M

C
N

P P
ackage.
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A
ccom

plishm
ents: Energy harvesting

Fuel rods

Tem
perature Profiles:

�
Transitional S

S
T k-ω

 turbulence m
odel and D

O
 radiation m

odel.
�

The total decay heat w
as calculated using S

C
A

LE
 for a period of 50 years.

�
The sim

ulation result w
as verified using experim

ental result in literature.

Years 5 
Years 55 

Peak tem
perature 621.4 K

 (348.4C
)

Peak tem
perature 436.0 K

 (163.0C
)

M
PC

-32 canister therm
al analysis 

“Therm
al and Fluid A

nalysis of D
ry C

ask S
torage C

ontainers over M
ultiple Years of Service”, Yongjia

W
u, Jackson 

K
lein, H

anchen
Zhou, Lei Zuo, Annals of Nuclear Energy, Vol 112, Feb 2018, P

ages 132–142
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A
ccom

plishm
ents: Energy harvesting

Fuel rods

Tem
perature Profiles:

�
For year 5, the tem

perature difference is ~70 K
.

�
For year 55, the tem

perature difference is ~13 K
. 

(Tw
o TE

G
s (TE

G
1-P

B
-12611-6.0) from

 TE
C

TE
G

 
M

FR
 w

ill be enough)

M
PC

-32 canister therm
al analysis 70 K

13 K
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A
ccom

plishm
ents: Energy harvesting

gam
m

a radiation

S
hielding m

aterial 
(tungsten plate)

0.00

0.50

1.00

1.50

2.00

2.50

0
10

20
30

40
50

60

Energy Generation (W)

Years (Rem
oval from

 reactor)

G
am

m
a H

eating in Tungsten from
 Spent FuelSide of C

ask

Top of C
ask

M
N

C
P m

odel

Fuel 
assem

bli
es

Tungsten plate O
ne 

(Top of cask, 20 x 20 x 
2 cm

3)

Tungsten plate Tw
o 

(Side of cask)

�
The input m

aterial 
com

position w
as obtained 

from
 S

C
A

LE
 analysis.

Stainless 
steel

2W
 -> 0.3W
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A
ccom

plishm
ents: Energy harvesting

Adjustable suspension 

Adaptor one

H
eat sink

Tungsten 
plate

Therm
al isolation layer

Adaptor

�
M

erits:
S

im
ple,

com
pact,

low
cost,

reliable,and
high

energy
output

�
C

haracteristics:
C

om
bined

gam
m

a
decay

heatand
convective

heat

Size: 80 x 80 x 60
m

m
3

Energy harvester design 

Year 5
Tem

perature difference: 
Δ

T=64.2 K
,

O
pen circuit voltage: 

V=1.94 x 4 V,
M

axim
um

 pow
er output:

P = 941 m
W

> 10 m
W

G
oal: P>=10 m

W

Tem
perature difference: 

Δ
T=11.7 K

,
O

pen circuit voltage: 
V=0.335 x 4 V,
M

axim
um

 pow
er output:

P = 28 m
W

> 10 m
W

Year 55

Perform
ance estim

ation
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A
ccom

plishm
ents: Energy harvesting

Experim
ental setup to test design oneYears 5 case 

Sim
ulation for the experim

ental setup

Velocity
Tem

perature
Voltage

0
0.03

0.06
0.09

0.12
0.15

0.18
0.21

0.240.26
0

500

1000

1500

2000

2500

3000

3500

4000

V
elocity (m

/s)

h (W/mK)

 

 

M
ineral oil

A
ir

W
aterh= 143.37W

/m
K
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C
urrent available through w

all com
m

unication m
ethods

A
ccom

plishm
ents: W

ireless 
com

m
unication technology
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Principle of ultrasound through w
all com

m
unication

The
acoustic

m
odelling

results;
(a)

the
steel

block
sandw

iched
by

tw
o
piezoelectric

transducers.(b)The
ultrasound

transm
ission

system
efficiency

versus
driving

frequency;(c)
The

system
efficiency

versusnorm
alized

load
circuitim

pedance.

O
u

tsid
e

   Tra
n

sd
u

ce
r

S
te

e
l b

lo
ck

In
sid

e
   Tra

n
sd

u
ce

r

E
le

ctro
d

e

E
le

ctro
d

e

(b)

(c)
(a)

A
ccom

plishm
ents: W

ireless 
com

m
unication technology
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D
em

onstration of audio signal through-w
all transm

ission

A
ccom

plishm
ents: W

ireless 
com

m
unication technology
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U
ltrasonic TEX

T transm
ission system

 at room
 tem

perature

A
ccom

plishm
ents: W

ireless 
com

m
unication technology
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A
ccom

plishm
ents: W

ireless 
com

m
unication technology

R
esults

M
etal W

all

H
igh Tem

p~ O
ven

B
inary D

ata Transm
ission

D
em

onstration of H
igh Tem

perature TEX
T Transm

ission
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A
ccom

plishm
ents: M

ethod for Low
-

Pow
er U

ltrasonic C
om

m
unications 

A
cross B

arriers

�
Focused instead on developing a m

odulation m
ethod

x
Three transducer m

ethod described by M
urphy

x
M

odulating transducer
x

U
sed com

pressional w
aves

A
lternative M

odulation M
ethod



17

A
ccom

plishm
ents: M

ethod for Low
-

Pow
er U

ltrasonic C
om

m
unications 

A
cross B

arriers

First Task W
as B

uild an Experim
ental A

pparatus for Studying M
odulation

�
In-line propagation (not reflecting)

�
First apparatus operated at 100 kH

z then sw
itched to 2.25 M

H
z

�
U

sed m
agnetic fluid to change acoustic propagation

x
M

agnetorheological fluid—
w

e observed attenuation w
ith m

agnetic field but 
it w

as inconsistent
–

M
R

 fluid easily precipitates (5-50 μm
)—

results are inconsistent and 
depend on w

hen you agitated the apparatus
–

A
ttenuation of transm

itted w
aves from

 3 to 16 %
 w

ith up to 10 am
ps of 

coil current
x

Ferrofluid—
w

e observed repeatable attenuation
–

P
articles stay in suspension (10-50 nm

)
–

R
ange of attenuations up to 47 dB

 at 2.28 M
H

z 
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A
ccom

plishm
ents: M

ethod for Low
-

Pow
er U

ltrasonic C
om

m
unications 

A
cross B

arriers

U
sing LabVIEW

 Lock-In A
m

plifier to Im
prove Signal-to-N

oise R
atio for 

Low
-Energy Signal

�
2.23 M

H
z continuous Sine w

ave driving 
transm

itting transducer at 10Vpp
�

Ferrofluid filled acrylic tube
�

Perm
anent m

agnet suspended approxim
ately 

8
m

m
 above coil section as a bias m

agnet
�

M
odulation coil driven w

ith a 3Vpp 1H
z 

continuous sine w
ave

�
20 M

s 4-channel A/D
 card
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A
ccom

plishm
ents: M

ethod for Low
-

Pow
er U

ltrasonic C
om

m
unications 

A
cross B

arriers

R
esult of Synchronous D

etection by LabVIEW
 System

 Look G
ood but Slow

�
R

esults below
 show

 successful m
odulation of ferrofluid

�
Perm

anent m
agnet experim

entation confirm
s that pre-biasing fluid is necessary

D
em

odulated O
utput: X

D
em

odulated O
utput: Y

D
em

odulated O
utput: θ

D
em

odulated O
utput: R
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A
ccom

plishm
ents: M

ethod for Low
-

Pow
er U

ltrasonic C
om

m
unications 

A
cross B

arriers

C
onducting a Study of B

ias M
agnet Effects

�
N

ano particles are random
ly distributed

�
Application of m

agnetic field causes alignm
ent and 

clum
ping

�
As particles clum

p their com
bined m

ass affects 
loading and changes the spring-m

ass transfer function 
�

A dead zone exists as field is first applied
�

Ferrofluid
is field polarity insensitive

�
The question is w

here to put the m
agnet

�
N

ext Steps Are to C
onduct a R

eflective 
D

em
onstration
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Technology Im
pact

�
VT:W

e
analyzed

the
therm

aland
radiation

environm
entin

the
dry

cask.W
e

have
show

n
energy

harvesting
from

therm
al

and
gam

m
a

radiation
the

using
therm

oelectrics.The
proposed

self-sustainable
package

can
be

integrated
into

enclosed
nuclear

vessels.
W

e
have

show
n

its
application

to
the

spent
fuel

canisters
of

dry
cask

storage.
Sim

ilar
technology

can
be

applied
to

reactor
vessels

orreactorcontainm
entbuilding

com
m

unications.
�

U
N

T:The
capability

to
com

m
unicate

through
thick

m
etalw

alls
w

ithoutphysical
penetration

has
great

potentialapplications
in

hazard
environm

ents,especially
enclosed

nuclear
reactors.

In
this

project,
am

plitude
m

odulation
(AM

)
of

ultrasonic
w

aves
w

as
used

to
exchange

data
via

m
etalw

allathigh
tem

perature.
C

om
pare

to
other

data
com

m
unication

m
ethods,

the
ultrasonic

technique
has

the
advantages

like,high
speed

(over
5M

bps)
data

transfer,high
tem

perature
(over

300
C

),
and

Less
Pow

er
consum

ption
(Less

than
1W

att).
The

im
pact

of
such

a
solution

is
that

it’s
highly

useful
in

hazards,
harm

ful
nuclear

environm
ent.

�
O

R
N

L:
U

sing
a

Ferrofluid
H

as
PotentialB

enefits
for

Enhanced
M

odulation.W
e

found
that

its
excitation

by
m

agnetic
field

is
sim

ple
to

accom
plish.It

w
orks

at
ultrasonic

frequencies.It
is

radiation
insensitive

and
can

be
m

ade
to

use
little

pow
eratm

odulation
side.
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C
onclusions

�
VT:TEG

using
the

tem
perature

difference
existing

in
the

canistercom
bined

w
ith

gam
m

a
heating

effect
can

provide
enough

pow
er

for
the

w
ireless

sensing
and

com
m

unication
system

w
orking

in
the

nuclear
canister.

The
energy

harvester
can

harvesterenough
energy

even
after50years

operation.

�
U

N
T:The

AM
m

odulation
based

through
w

allAudio
com

m
unication

principle
is

verified
w

ith
PZT

piezo
transduce

at
room

tem
perature.

After
the

concept
verification

atroom
,sim

ilartechnique
used

forbinary/TEXT
data

com
m

unication
has

been
successfully

dem
onstrated

20
–

100
C

.W
e

new
step

is
designed

for
tem

perature
up

to
300C

w
ith

TRS200H
D

high
tem

perature
transducer.

�
O

R
N

L:
W

e
developed

a
U

nique
M

ethod
of

U
ltrasonic

C
om

m
unication

using
ferrofluid.This

technology
perm

its
transm

ission
ofdata

across
barrier

w
ith

low
energy

requirem
ent.

And
are

going
to

dem
onstrate

the
m

odulation-
dem

odulation
schem

e.


